Buried and stacked planar as well as buried single and parallel channel waveguides are fabricated in sapphire by proton implantation. Good control of the implantation parameters provides excellent confinement of the guided light in each structure. Low propagation losses are obtained in fundamental-mode, buried channel waveguides without postimplantation annealing. Choice of the implantation parameters allows one to design mode shapes with different ellipticity and/or mode asymmetry in each orthogonal direction, thus demonstrating the versatility of the fabrication method. 4 Generally, device performance can be considerably improved by burying the guiding structure into the bulk of the sample. Advantages of buried waveguides derive not only from surface scattering losses being avoided, but also from a reduction in mode asymmetry compared to surface waveguides, thus providing higher efficiency for mode coupling to optical fibers.
Due to its excellent thermal, mechanical, and optical properties, sapphire is one of the most suitable materials for integrated optical devices. Although this hard crystalline material is particularly difficult to process, fabrication of superficial Ti 3+ -doped sapphire channel waveguides by surface structuring 1,2 of planar waveguides or ion in-diffusion 3 has been demonstrated. Recently, direct femtosecond laser writing of buried channel waveguides in Ti 3+ -doped sapphire has been reported. 4 Generally, device performance can be considerably improved by burying the guiding structure into the bulk of the sample. Advantages of buried waveguides derive not only from surface scattering losses being avoided, but also from a reduction in mode asymmetry compared to surface waveguides, thus providing higher efficiency for mode coupling to optical fibers.
Most of the methods reported for the fabrication of buried channel waveguides are appropriate for glasses. Ion exchange followed by a field-assisted burial step 5 was demonstrated in glass substrates containing high concentrations of alkali ions. UV writing techniques, also in combination with bonding, 6 necessitate photosensitive material. Femtosecond laser irradiation 7 and focused ion beam implantation 8, 9 (IBI) allow for direct writing of buried channel waveguides in amorphous materials, because a positive refractive index change is induced in the modified regions. In contrast, irradiation of crystalline matrices often produces negative index changes, 4 In this letter, we report the fabrication of complex waveguiding structures in sapphire by high-energy proton implantation. Compared to the significant damage created in sapphire by He + implantation, 14 which resulted in poor waveguiding quality, 15 protons create less damage in the guiding region, thus assuring better waveguiding quality. Moreover, deeper damage profiles are obtained with protons, for the same incident energy, thus providing larger design flexibility. Good control of the implantation parameters enables writing of precisely localized optical barriers with welldefined decrease of refractive index in a hard crystalline material. By exploiting this fact, we demonstrate high-quality surface, buried, and stacked planar as well as buried single and parallel channel waveguides in sapphire.
Pure c-cut, optically polished sapphire substrates of dimensions 8 mmϫ 8 mmϫ 1 mm were irradiated by use of a Van de Graaf accelerator operating at beam currents in the range of 0.6-0.8 A/cm 2 . Incident ion energies of 0.4-1.5 MeV and doses of 10 15 -10 16 ions/ cm 2 were applied. Implantations were performed under controlled sample temperature near 30°C, with the sample surface slightly tilted off axis to avoid channeling effects. The accumulated damage profiles expected with these experimental parameters were calculated by the "Stopping and Range of Ions in Matter" (SRIM) simulation code. 16 The effective refractive indices of guided modes in surface planar waveguides were measured by m-line spectroscopy 17 and the refractive index profiles were reconstructed by calculations based on the inverse "Wentzel-Kramer-Brillouin" (WKB) method. 18 Only negative refractive index changes were observed, with a decrease of typically 1% for doses in the order of 10 16 ions/ cm 2 . In all our experiments and simulations, TEpolarized light was employed.
As an example, Fig. 1 presents results on a surface planar waveguide fabricated by implantations of 0.95 and 1.0 MeV H + with doses of 1 ϫ 10 16 ions/ cm 2 each. The doubleenergy implantation widens the optical barrier and hence reduces waveguide losses due to light coupling to radiation modes. This particular waveguide supports four propagating modes at = 632.8 nm, as confirmed by m-line spectroscopy. We found very good agreement between the accumulated damage profile calculated by SRIM simulations, Fig. 1(a) , the position of the optical barrier, which is indicated by the refractive index profile measured by m-line spectroscopy, Fig. 1(c) , and the out-coupled intensity distribution of endcoupled 780 nm laser light propagating through the surface Successive implantations with different energies produce an alternation of high and low refractive index regions, resulting in a series of high-index layers, which according to the chosen implantation parameters, can permit or prohibit guiding. In the experimental example of Fig. 2(a) , the dimensions and induced refractive index changes were adjusted to permit fundamental mode propagation at = 780 nm in a buried waveguide region, with a symmetric mode profile in the vertical direction optimized for coupling to a commercial 780 nm single-mode fiber, but prohibit light propagation in the superficial planar layer. Parameters enabling this design were 0.4, 0.75, and 0.8 MeV irradiations, with doses of 2 ϫ 10 15 ions/ cm 2 for the two lower energies and 5 ϫ 10 15 ions/ cm 2 for the higher one. A theoretical mode profile, Fig. 2(b) , was calculated with a simplified step-index profile estimated from the accumulated damage profile calculated by SRIM simulations, Fig. 2(c) , and the limited quantitative information about the refractive index profile that can be extracted from the m-line measurement of Fig.  1(c) . The experimental mode pattern, Fig. 2(a) , is in accordance with our theoretical calculation, Fig. 2(b) , both in terms of localization of the guided light in the buried planar waveguide and improvement of the mode symmetry in the vertical direction compared to surface waveguides. The mode shape and degree of asymmetry in the vertical direction can be varied by adjusting the implantation energies and doses. In m-line measurements, 780 nm light could not be coupled through the prism into the superficial layer at any incident angle, thus confirming that our design prohibits guiding in the superficial layer at this wavelength.
Following the same approach of multiple energy implantations, stacked planar waveguides were fabricated by two double-implanted barriers with energies of 0.95, 1.0, 1.45, and 1.5 MeV and doses of 1 ϫ 10 16 ions/ cm 2 each. This procedure creates a superficial and a buried planar waveguide. The output profiles recorded after end-coupling fundamentalmode laser light at = 780 nm into the sample show that the upper and lower guiding layers can be excited individually, Figs. 2(d) and 2(e), or simultaneously, Fig. 2(f) . The absence of light coupling between the two waveguides after excitation of an individual waveguide in our experiments suggests that the refractive index barrier is too deep and too wide to allow significant coupling over waveguide lengths of 8 mm. Higher-order, stacked structures can be fabricated by implanting additional damaged layers with suitable incident ion energies and doses, however the procedure is ultimately limited by the maximum H + energy available from the ion accelerator.
Channel waveguides can be obtained by writing two horizontally confined, damaged areas into the guiding layer of a planar waveguide. We fabricated such sidewalls with lower refractive index by ion implantation through a slit. 13 Starting from the buried planar waveguide previously described, each of the two sidewalls was formed by, e.g., three vertically stacked, 20-µm-wide, damaged areas produced inside the guiding layer by use of a 1 MeV proton beam with incident angles of 35°, 45°, and 55°and doses of 4 ϫ 10 15 ,1ϫ 10 16 , and 4 ϫ 10 15 ions/ cm 2 , respectively. The approach of changing the angle of incidence rather than the ions' energy has the advantage of generating a wider optical barrier in the normal direction due to the radial dispersion of the ion beam. Figure 3 presents a comparison between (a) the experimental output profile of end-coupled, fundamentalmode laser light at = 780 nm and (b) the corresponding calculated contour plot in a 6-µm-wide buried channel waveguide defined by a buried planar waveguide with two horizontal sidewalls. Its fundamental-mode profile is elliptical as a result of the differences of channel dimensions and optical confinement in the horizontal and vertical directions. Cylindrical mode shapes or any desired degree of ellipticity between the two orthogonal directions can be obtained by adjusting the implantation energies, doses, and geometry.
Finally, parallel buried channel waveguides were demonstrated by repeatedly writing horizontal optical barriers into a buried planar waveguide. Figure 3(c) presents the output profile of three parallel buried channel waveguides after excitation. The difference in mode shapes results from the different widths (6, 10, and 15 µm) chosen for the three channel waveguides, Fig. 3(d) .
The propagation losses in two 6-µm-wide, 7.5-mm-long channel waveguides were studied by launching 632.8 nm laser light through a single-mode fiber directly into each waveguide and launching the light transmitted through the waveguide directly into either a single-mode or a highly multimode fiber. Considering a fundamental-mode waveguide (i.e., no coupling losses to higher-order waveguide modes), assuming equal coupling losses from single-mode fiber to waveguide and from waveguide to single-mode fiber, and neglecting the outcoupling losses L c from the waveguide to the highly multimode fiber, we can measure the incident power and output powers transmitted through the singlemode and highly multimode fibers, respectively, to obtain an estimation of the propagation losses in the waveguide. By neglecting the losses L c , an upper limit of 2 dB/ cm was determined for the propagation loss in a channel waveguide with three equidistant lateral barriers. In a channel waveguide fabricated with four equidistant lateral barriers, the propagation loss could be reduced to 0.7 dB/ cm, indicating that the lateral light confinement is a crucial feature of ionimplanted channel waveguides.
This result highlights the advantage that is inherent in the implantation characteristics of sapphire as compared to materials in which a positive refractive-index change is created in the implanted area, which would allow for the direct writing of a channel waveguide. While the procedure of confining a guiding region by low-index barriers presented here is more complex and requires several implantation steps, it results in a very low damage in the guiding region [cf. Fig.  1(a) ] and, therefore, low propagation losses.
In conclusion, buried and stacked planar as well as buried single and parallel channel waveguides have been demonstrated in sapphire. Proton implantation provides great flexibility to the fabrication of complex guiding structures with desired mode shapes in hard crystalline materials. Low propagation losses are obtained in buried channel waveguides without postimplantation annealing. Stacking planar or parallel channel waveguides in the vertical dimension opens new potential applications by adding additional functionality, such as two-dimensional channel emitter arrays or switching between waveguides in the vertical direction in combination with active on-surface manipulation of the surface-guided light.
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